and CGRP release? We are in an age of unprecedented capability to apply molecular genetics to mapping specific neural circuits down to the level of individual axons and fibers (Chang et al., 2015; Han et al., 2018) . This approach has revealed functional neural circuits that, like the inflammatory reflex, do not fit neatly into the historic generalized classifications of ''sympathetic'' versus ''parasympathetic'' (Pavlov and Tracey, 2017) . The present study provides a roadmap to discover and define other specific neural circuits based on biological function and molecular signatures.
Using computer-learning algorithms and artificial intelligence methods, we recently decoded the electronic ''signature'' from recordings of vagus nerve sensory signals to distinguish between the TNF and IL-1 signals traveling to the brain (Steinberg et al., 2016) . Will decoding the TRPV1 neural response to streptolysin S differentiate it from other toxins or mediators? Streptolysin S-like bacterial toxins are encoded by a nine-gene operon termed ''streptolysin-associated genes'' or SAG and are expressed by other clinically important pathogens including Staphylococcus, Listeria, and Clostridium (Molloy et al., 2011) . Do these pathogens also exploit neural circuits to their advantage, and can drugs that target neural signals modulate them? Finally, as recent successful clinical trials have targeted the inflammatory reflex to the benefit of patients with rheumatoid arthritis, it is fair to ask whether it may be possible to develop bioelectronic devices to target specific neural circuits to treat patients with infection and necrotizing fasciitis (Koopman et al., 2016 A new solid-state NMR study determines the high-resolution hetero-amyloid structure of the RIPK1-RIPK3 signaling complex that is involved in mediating necroptosis. The structure demonstrates specific formation of hetero-amyloids over homo-amyloids and the structural basis for a functional amyloid to act as a platform to recruit and activate downstream partners in intracellular signaling.
While the accumulation of amyloids is recognized to be a hallmark of human neurodegenerative diseases, such as Alzheimer's disease and Parkinson's disease (Eisenberg and Jucker, 2012) , protein amyloids have also more recently been found to be functional entities that are involved in various biological processes, including intracellular signaling (Li et al., 2012) and stress granule formation . The formation of the necrosome by the interaction of RIPK1 and RIPK3 during necroptosis (Li et al., 2012; Shan et al., 2018) provides an intriguing example of a signaling hetero-amyloid that is formed by two proteins with typical amyloid properties, including filamentous morphology, ThT and Congo red binding, high stability, and cross-b diffraction pattern (Li et al., 2012) (Figure 1A ). However, no structural insights for hetero-amyloids had been obtained previously. In this issue of Cell, Mompeá n et al. (2018) report an atomic structural model for the RIPK1-RIPK3 amyloid core determined by solid-state nuclear magnetic resonance (ssNMR). This work describes the first heteroamyloid structure solved to date, reveals how RIPK1 and RIPK3 co-assemble into a hetero-amyloid-rather than homoamyloid-assembly and provides the structural basis for understanding functional amyloid formation in signal transduction and cell death.
Mompeá n et al. (2018) prepared RIPK1-RIPK3 hetero-amyloid by co-expressing RIP homotypic interaction motifs (RHIMs) of RIPK1 (residues 496-583) and RIPK3 (residues 388-518) in E. coli. Surprisingly, the purified RIPK1-RIPK3 hetero-amyloid exhibits high homogeneity with a singledominant conformation, which enabled the determination of an unambiguous hetero-amyloid structure using distance constraints between isotopically labeled pairs by ssNMR, an emerging powerful technique for determining high-resolution structures of amyloid fibrils (Murray et al., 2017) . However, ssNMR studies of amyloid fibrils can be challenging due to their polymorphic nature. Therefore, the authors' success in determining the hetero-amyloid structure of RIPK1-RIPK3 by ssNMR supports the dominant nature of the hetero-amyloid over homo-amyloids in the assembly of the necrosome.
The RIPK1-RIPK3 hetero-amyloid structure reveals two sets of zigzagging parallel b sheets (a ''serpentine'' fold) composed of residues 532-543 of RIPK1 and residues 451-462 of RIPK3. Within each set of sheets, RIPK1 and RIPK3 stack on top of each other along a 2-fold fibril axis. The two sets of sheets pair face to face and confine a hydrophobic interface, which represents the amyloid core of the RIPK1-RIPK3 hetero-amyloid fibril ( Figure 1B) . It is impressive that just 11 residues from the full-length RIPK1 (671 amino acids) and RIPK3 (518 amino acids) are sufficient to drive the amyloid assembly of the entire protein complex. This study showcases the aggregating power of short amyloid-prone peptides to initiate and drive the stable assembly of relatively large proteins into the amyloid state, as previously hypothesized and tested using RNase A as a model system (Sambashivan et al., 2005) .
Notably, the RIPK1-RIPK3 heteroamyloid structure highlights how one protein may preferentially stack with a partner protein rather than with itself during amyloid assembly. Amyloid formation is highly thermostable via hydrogenbonding networks and van der Waals forces, and the ordered self-stacking of proteins in amyloids usually leaves little chance for energy-favorable incorporation of other proteins. In the case of the RIPK1-RIPK3 hetero-amyloid, the two proteins associate through their RHIMs via consensus sequences IQIG (RIPK1) and VQVG (RIPK3). While peptides IQIG and VQVG can each form homo-amyloid fibrils with a classic parallel in-register steric-zipper architecture, when they instead join together and stack alternatively along the fibril axis, the steric complementarity between the hydrophobic side chains of Ile and Val is further optimized ( Figure 1C) . Accordingly, the two-sheet layers in the hetero-amyloid pair with a 2-fold axis, rather than the 2-fold screw axis in the homo-amyloids, and as a result, the hetero-amyloid assembly is remarkably more compact ( Figure 1C ).
Isoleucine and valine are two of the three proteinogenic branched-chain amino acids and are similar in structure and property, with Ile containing one additional methyl group that confers slightly increased hydrophobicity. It is interesting that the subtle difference between the consensus sequences of IQIG and VQVG defines the specificity of heteroamyloid formation and serves as a structural basis for efficient signaling between two proteins. Thus, the structure of the hetero-amyloid may provide new clues to optimize or interfere with amyloid assembly and may inspire the design of synthetic amyloid materials and amyloid inhibitors.
Activation of RIPK1 is required for initiating the assembly of this hetero-amyloid necrosome. Since the activation of RIPK1 involves its homo-dimerization mediated by the C-terminal death domain (Meng et al., 2018) , it remains an open question whether RIPK1 homo-dimers (or homomultimers) may nevertheless be involved in initiating the formation of the heteroamyloid in vivo, and this possibility will be key to investigate in the future. Finally, considering the structural similarity between, and the high stability of, the hetero-amyloid and pathological homoamyloids, it is possible that the heteroamyloid of RIPK1-RIPK3 may be potentially deleterious to cells and tissues. Indeed, the presence of highly insoluble RIPK1 and RIPK3 in pathological samples from human neurodegenerative diseases, including multiple sclerosis, amyotrophic lateral sclerosis, and Alzheimer's disease (Ofengeim et al., 2015; Ito et al., 2016; Ofengeim et al., 2017) , supports the relevance of this hetero-amyloid in mediating the pathogenesis of neurodegenerative diseases. Thus, whether the formation of this signaling hetero-amyloid can also exhibit toxicity and become a transmissible amyloid seed in neurodegeneration is an interesting question that has yet to be pursued. Regardless, the structure of the RIPK1-RIPK3 necrosome core, as the first hetero-amyloid structure, contributes a long-standing missing piece in the puzzle of amyloid configurations and emphasizes the diversity of amyloid assembly.
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